Introduction
The hepatitis B virus (HBV) is a kind of hepatotropic DNA virus which has caused acute and chronic liver diseases in ~350 million infected people worldwide. 1 HBV is transmitted by mother-to-child transmission, sex transmission, and blood transmission. It causes one of the most common infectious diseases (hepatitis B) in the world through a high level of viral replication. Researches have indicated that HBV plays a vital role in many liver diseases including cirrhosis and hepatocellular carcinoma. 2 The pathogenic mechanism of HBV is thought to be related to immune response instead of directly causing cytopathy of hepatocytes. 3, 4 HBV is able to trigger immune 
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Zhan et al response in the presence of HBV-specific antigens which cause T-cell response. 5 However, the relationship between HBV infection and immune response still remains unclear. Hence, a better understanding of the pathogenic mechanisms of HBV infection and more effective therapeutic strategies for hepatitis B are required.
Halofuginone (HF), a natural low-molecular-weight plant alkaloid, isolated from the plant Dichroa febrifuga, has been reported to have antimalarial activity. 6 Researches revealed that HF worked as an anti-fibrotic agent. 7, 8 Studies also showed that HF had antitumor effect by inhibiting cancer cell proliferation, metastasis, and invasion in many kinds of tumors such as hepatocellular carcinoma, breast cancer, and melanoma. [9] [10] [11] HF is also reported to be involved in several signal pathways such as PI3K/AKT, Stat3, NF-κB, and MAPK pathways. [12] [13] [14] Evidence also supported the potential role of HF in immune regulation. A study by Park et al discovered that HF regulated the balance between T helper (Th) 17 and Treg cells to ameliorate autoimmune arthritis in mice. 15 HF also acted as an attractive immunomodulator and antiinflammatory agent to suppress activated peripheral blood T-cell functions through inhibiting NF-κB and p38 MAPK signaling pathway. 16 However, whether HF can ameliorate the inflammation induced by HBV infection still remains unknown and needs further research.
In this study, we aimed to elucidate the function of HF on inflammation in acute HBV-infected Sprague Dawley (SD) rats. We found that HF suppressed inflammation by decreasing the number of Th17 cells and pro-inflammatory cytokine levels via AMP-activated protein kinase (AMPK)-mediated NF-κB p65 inactivation. Taken together, our results suggest that HF provides a novel insight into the mechanism and treatment of hepatitis B.
Materials and methods construction of animal model and grouping
Female, 6-9 weeks old SD rats were purchased from the Laboratory Animal Center of Henan Provincial People's Hospital. All the animals were fed under specific pathogenfree conditions. Animal experiments and welfare were performed according to the guidelines of the National Institute of Health. The study was approved by the Medical Ethics Committee of Henan Provincial People's Hospital. SD rats were transfected with pCDNA3.1-HBV1.3 plasmid which contained a 1.3-length transgene HBV or just pCDNA3.1 as control, respectively (constructed in the laboratory). Twenty micrograms of plasmids in phosphate-buffered saline (PBS; Double-Helix Biotech, London, UK) were injected into the tail vein of each rat for the acute HBV-infected animal model. 17 The animals were divided into 4 groups with 5 rats in each group as follows: pCDNA3.1 group, SD rats were transfected with pCDNA3.1 plasmid; pCDNA3.1-HBV1.3 group, SD rats were transfected with pCDNA3.1-HBV1.3 plasmid; pCDNA3.1-HBV1.3+HF group, pCDNA3.1-HBV1.3 plasmid transfected rats were treated with HF (1 mg/kg) by injection every other day; pCDNA3.1-HBV1.3+HF+compound C (CC) group, pCDNA3.1-HBV1.3 plasmid transfected rats were co-treated with CC (3 μM) and HF (1 mg/kg) by injection every other day. The peripheral blood of each rat in the different groups was collected and measured at 1, 4, 7, and 10 days post-transfection. After 10 days post-transfection, rats were sacrificed and livers were harvested for further analyses.
Quantification of hepatitis B e-antigen (hBeag), hepatitis B surface antigen (hBsag), and hBV Dna Serum HBeAg, HBsAg, and HBV DNA levels were measured in the laboratory according to a method described previously. 18 Serum HBeAg was measured using the Abbott Diagnostics HBeAg kit (Abbott Diagnostics, Abbott Park, IL, USA), and HBsAg was measured on ARCHITECT platform (Abbott Laboratories, Abbott Park, IL, USA) by enzyme immunoassay according to the manufacturer's instructions. The quantification of HBV DNA was tested using the Abbott RealTime HBV test (Abbott Molecular, Des Plaines, IL) according to the manufacturer's instructions.
Flow cytometry
Peripheral blood samples from rats were lysed by NH 4 
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HF ameliorates inflammation in HBV-infected rats concentrations of supernatants were measured using the BioRad protein assay kit (Beijing Solarbio Science & Technology Co, Ltd, Beijing, China) according to the manufacturer's instructions. After incubation with 6× sample buffer (SigmaAldrich Co, St Louis, MO, USA) at 100°C for 5 minutes, the proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred onto polyvinylidene difluoride membranes. After incubation with blocking buffer (5% nonfat milk in Tris-buffered saline) for 60 minutes at room temperature, the membranes were incubated with the following primary antibodies obtained from Abcam (Cambridge, UK), respectively: anti-IL-17 antibody, anti-AMPK antibody, anti-p-NF-κB P65 antibody, anti-IKBA antibody, and anti-GAPDH antibody at 4°C overnight. The membranes were then incubated with the corresponding secondary antibodies (1:2,000; Cell Signaling Technology, Danvers, MA, USA) for 1 hour at room temperature. Immunoreactive bands were visualized via enhanced chemiluminescence (Amersham Pharmacia Biotech, Little Chalfont, UK) reaction and measured by Quantity One analysis software (Bio-Rad Laboratories Inc, Hercules, CA, USA).
Quantitative real-time polymerase chain reaction (qrT-Pcr)
Total RNA was extracted from livers using Trizol reagent (Thermo Fisher Scientific) following the manufacturer's instructions and cDNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). A qRT-PCR study evaluating the expression of IL-17, IL-23, interferon (IFN)-γ, IL-2, IL-4, and IL-13 was carried out using the QuantiTect SYBR Green RT-PCR Kit on the StepOnePlus™ Real Time PCR System (Thermo Fisher Scientific). Gene expression was standardized to GAPDH expression as an endogenous control, and the relative expression level was calculated by relative quantification (2 
Results

hF alleviates pathologic features in hBV-infected sD rats
The pCDNA3.1 or pCDNA3.1-HBV1.3 plasmids were injected into SD rats to construct animal models of acute hepatitis B infection. In the pCDNA3.1-HBV1.3 group, the concentrations of HBeAg, HBsAg, and HBV DNA in the serum increased from day 1 to day 4 after transfection, and reached the peak of expression at day 4. Then, the levels of HBeAg, HBsAg, and HBV DNA decreased from day 4 to day 10, and were hardly detected at day 10. Compared with the pCDNA3.1-HBV1.3 group, the concentrations of HBeAg, HBsAg, and HBV DNA were obviously depressed by HF at every indicated time in the pCDNA3.1-HBV1.3+HF group ( Figure 1A-C) . Our results indicated that HF alleviated pathologic features in HBV-infected SD rats. Figure 2A and B). The protein level of IL-17 was higher 
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HF ameliorates inflammation in HBV-infected rats in pCDNA3.1-HBV1.3 group than the pCDNA3.1 group at every indicated time by Western blot analysis. HF also reduced the expression level of IL-17 in the pCDNA3.1-HBV1.3+HF group compared with pCDNA3.1-HBV1.3 group. The expression of IL-17 increased from day 1 to day 4 and decreased from day 4 to day 10 postinjection in both pCDNA3.1-HBV1.3 and pCDNA3.1-HBV1.3+HF groups (*P,0.05, **P,0.01, ***P,0.001, # P,0.05, ## P,0.01; Figure 2C and D) .
Relative mRNA levels of many cytokines (IL-17, IL-23, IFN-γ, IL-2, IL-4, and IL-13) were also compared among these 3 groups mentioned above. In the pCDNA3.1 group, relative mRNA levels of these cytokines were extremely low at different time points without change, indicating that injection of pCDNA3.1 did not influence the concentrations of these cytokines. Acute HBV infection remarkably increased the relative expression of pro-inflammatory cytokines (IL-17, IL-23, IFN-γ, and IL-2) and decreased the relative expression of anti-inflammatory cytokines (IL-4 and IL-13) in SD rats compared with the control group. However, the treatment of HF effectively abrogated the effect of HBV by downregulating the expression of proinflammatory cytokines and upregulating the expression of anti-inflammatory cytokines in pCDNA3.1-HBV1.3+HF group compared with the pCDNA3.1-HBV1.3 group (*P,0.05, **P,0.01, ***P,0.001, # P,0.05, ## P,0.01 ### P,0.001; Figure 2E -J). Our results elucidated that HF suppressed the progression of acute hepatitis B by decreasing the high ratio of Th17 cells and pro-inflammatory cytokines and increasing the expression of anti-inflammatory cytokines in HBV-infected SD rats.
hF-induced aMPK activation is negatively associated with nF-κB activation with p65 phosphorylation in livers infected with hBV
The AMPK pathway was reported to play an important role in immune response. Therefore, we further investigated whether HF regulated HBV-induced inflammation through the AMPK pathway. Relative expression levels of AMPK and IKBA in the pCDNA3.1-HBV1.3 group were much lower than pCDNA3.1 group and pCDNA3.1-HBV1.3+HF group at every indicated time. In contrast, the expression of p-NF-κB P65 was largely increased in the pCDNA3.1-HBV1.3 group compared with pCDNA3.1 group, but the elevated level of p-NF-κB P65 was remarkably decreased by HF in the pCDNA3.1-HBV1.3+HF group compared with pCDNA3.1-HBV1.3 group (*P,0.05, **P,0.01, ***P,0.001, Figure 3A-D) . These results suggested that suppression of AMPK by HBV infection was activated by HF and the activation of AMPK was negatively associated with NF-κB activation with p65 phosphorylation in HBV-infected SD rats.
hF inhibits hBV infection via aMPKmediated nF-κB p65 inactivation
In order to further elucidate the potential molecular mechanism of how HF inhibited HBV infection, AMPK inhibitor CC was used in the animal model. After CC treatment, relative expression levels of AMPK and IKBA were decreased while the expression level of p-NF-κB P65 was increased significantly in pCDNA3.1-HBV1.3+HF+CC group compared with pCDNA3.1-HBV1.3+HF group (*P,0.05, ***P,0.001, Figure 4E ). Results from flow cytometry showed an increased ratio of Th17 cells after CC treatment compared with the pCDNA3.1-HBV1.3+HF group ( Figure 4F ). These data indicated that HF inhibited HBV infection via AMPK-mediated NF-κB p65 inactivation.
Discussion
HBV is a common human hepadnavirus which results in various clinical outcomes including acute or chronic hepatitis, liver fibrosis, cirrhosis, or even hepatocellular carcinoma. 19 It has been reported that HBV is a stealth virus which establishes itself efficiently without causing apoptosis or gene expression exchange of hepatocytes. 20, 21 On the contrary, the injury of liver cells is reported to be induced by immune response which may promote hepatic fibrosis during HBV infection. 22 Therefore, it is essential to elucidate the related immune reaction after HBV infection.
HF is a plant alkaloid which is extracted from the Chinese herb D. febrifuga Lour. 6 Previous researches have demonstrated the antimalarial, anti-fibrotic, and antitumor functions of HF. Moreover, HF has gained attention for its function as an immune regulator in arthritis. 15, 23 However, the therapeutic efficacy of HF in HBV-infected hepatitis is still elusive; so, further studies are needed.
In our present study, acute HBV-infected animal models were constructed according to previous studies. 17, 24 The concentrations of HBeAg, HBsAg, and HBV DNA were reduced remarkably by HF compared with the control group, indicating that HF suppressed the pathologic progression of HBV infection in SD rats. Moreover, the possible reason for decreasing HBeAg, HBsAg, and HBV DNA Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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Zhan et al concentrations from day 4 to day 10 was probably caused by the appearance of the corresponding antibodies heralding the onset of an immune response to the virus in immunocompetent animals. 17 Thus, we further explored the immune response after HBV infection. Previous studies described IL-17 producing CD4
+ Th17 cells as a subtype of helper CD4
+ T-cells. 25, 26 Th17 cells which secrete several kinds of cytokines including IL-17 have been reported to play an important role in chronic HBV infection. 27, 28 It has also been reported that Th17 cells are highly enriched in the liver of chronic HBV-infected patients and these were likely to exacerbate liver damage during chronic HBV infection. 28 In addition, previous studies revealed that HF decreased the differentiation or the number of Th17 cells in liver fibrosis, autoimmune arthritis, and viral myocarditis animal models. 15, 29, 30 In accordance with these previous studies, our data indicated that HF treatment decreased the high expression of Th17 induced by HBV infection, indicating that HF ameliorated the severe Th17-mediated immune response caused by HBV infection. However, no single cytokine could explain the immune response for there existed many complex cytokine networks in immune reaction. Moreover, our results also showed that HF treatment downregulated the expression of IL-17, IL-23, IFN-γ, and IL-2 and upregulated the expression of IL-4 and IL-13 in acute HBV-infected rats. Cytokines in our study were classified into 2 types: Th1 (pro-inflammatory) cytokines (IL-17, IL-23, IFN-γ, and IL-2) that caused stimulation of virus-specific CD8 + cytolytic T lymphocytes, leading to viral clearance and Th2 (anti-inflammatory) cytokines (IL-4 and IL-13) that stimulated activation or differentiation of B cells. 31, 32 However, reports suggest that Th1 lymphocytes contributed not only to virus clearance but also to liver damage and the imbalance of Th1/Th2 played a crucial role in the pathogenesis of HBV infection. 33, 34 Moreover, Sun's research indicated that HF downregulated pro-inflammatory cytokine levels and increased anti-inflammatory cytokine levels in acute viral myocarditis. 30 In agreement with Sun's study, our present 
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HF ameliorates inflammation in HBV-infected rats data showed that HF reduced the pro-inflammatory cytokines levels and increased anti-inflammatory cytokines in acute HBV-infected SD rats, indicating the anti-inflammatory role of HF in HBV infection.
AMPK has gained much attention as it acts as an attractive target in inflammation control. It was reported that the activation of AMPK inhibited inflammation, serving as a potential target for inflammation disorder diseases treatment. 35, 36 Moreover, the NF-κB pathway was reported to be associated with the connections between AMPK and inflammation in some researches. A study by Mo et al revealed that activation of AMPK suppressed NF-κB signaling and inflammation induced by fatty acid in macrophages. 35 Moreover, HF was reported to suppress peripheral blood T-cell functions and pro-inflammatory cytokine production through inactivating NF-κB. 16 Coincident with previous 
2954
Zhan et al reports, the treatment of HF abolished the effect of HBV infection by increasing the expression of AMPK and IKBA and decreasing the expression of p-NF-κB P65. In contrast, the AMPK inhibitor CC weakened the anti-inflammation effect of HF. Our results indicated that HF played an antiinflammatory role through AMPK-mediated NF-κB p65 inactivation in acute HBV-infected hepatitis.
Conclusion
This study explored the function of HF in regulating immune reaction in severe acute HBV-infected SD rats. HF-treated rats exhibited lower concentration of serum antigens and HBV DNA than the control group. HF also reduced the ratio of Th17 cells and pro-inflammatory cytokine levels and increased the anti-inflammatory cytokine levels, demonstrating an anti-inflammatory role via AMPK-mediated NF-κB p65 inactivation. This study implicated that HF is a potential therapeutic strategy for HBV-infected hepatitis.
